We propose a new type of sensors suitable for water quality testing and for monitoring water contamination levels in domestic, industrial and environmental applications. The proposed sensing scheme uses Fourier transform cavityenhanced absorption spectroscopy and novel compact sensing elements based on nanostructured photonic crystal-type optical coatings enabling the sensitive Fourier-domain processing methodology and maximising the absorption path length within the measurement system. The measurement scheme is shown to be suitable for the determination of small changes in the water absorption coefficients at a discrete set of wavelengths in the visible spectral region in response to small concentrations of pollutants with high sensitivity. The proposed sensors are expected to provide real-time information on the water contamination levels, as well as potentially the types of substances dissolved.
INTRODUCTION
In recent years, there has been an increased interest among researchers in investigating new techniques and systems for testing the quality of drinking water, as well as monitoring the quality of environmental water resources [1] [2] [3] [4] . Testing of the optical clarity of water (usually done in analytical laboratories by means of spectrophotometry) through the absorption spectrum analysis allows detection of various dissolved chemical pollutants through their spectral "fingerprints", as well as measurement of pollutant concentrations. Among the technologies developed for improving the sensitivity and accuracy of absorption spectra measurement in weakly-absorbing media, Fourier transform cavityenhanced absorption spectroscopy is one of the most sensitive and promising, and the detection of very small (several parts-per-billion by volume) concentrations of sulfur dioxide in gases emitted by vehicles has been demonstrated recently with this technique [5] . We propose a new design of miniature cavity-type water quality sensing elements using nano-structured optical coatings as Fabry-Perot (FP) cavity mirrors, and suitable for the accurate measurement of small absorption changes within weakly-absorbing cavity media at a discrete set of optical wavelengths. The principal diagram of a sensing element proposed is shown in Fig. 1 , where the operation of a cavity-enhanced absorption sensor in the transmission mode is sketched.
Water "cavity" Fig. 1 . Schematic diagram of the sensing element proposed for water quality monitoring using discrete-wavelength cavityenhanced absorption spectroscopy. An array of sensing elements is required for multi-wavelength interrogation; however, a single mini-cavity element is shown for simplicity. The cavity boundaries can be formed by either the substrate or film surfaces. The water is externally pumped through the cavity, and the precision mechanical spacers (not shown) are necessary to permanently align the system composed of two nano-structured coatings on glass substrates. 
SENSING PRINCIPLE AND THE SIGNAL PROCESSING SCHEME
The absorption spectrum of pure water (shown in Fig. 2 ) is characterised by very small absorption coefficients (of less than 10 -2 cm -1 ) in the visible region, and has a minimum of absorption coefficient near 420 nm. The changes in the absorption spectrum caused by the dissolved chemical pollutants are also small at the low contaminant concentrations, which necessitates the use of sensitive measurement schemes, and (preferably) large absorption paths. In the UV, and also in the blue-green regions of spectrum, the water itself is highly transparent, but at the same time, most dissolved compounds (organic and inorganic) have a significant absorption, exceeding that of pure water, which makes this spectral region very attractive for the sensing and monitoring of low pollutant concentrations using absorption spectroscopy. Moreover, due to the strong wavelength dependency of the absorption spectra of most known pollutants in the optical region, the spectral discrimination of the different pollutant types is possible, leading to the possibility of analyzing the contamination content using absorption spectroscopy. We propose a new type of the absorption sensing element, which combines the advantages of miniature size, low manufacturing costs, suitability for both laboratory-based and field measurements, cavity-enhanced multi-pass absorption path, and the suitability for sensitive Fourier-domain signal processing. The latter is based on the spectral comb-type filtering of the transmitted source light by the high-finesse Fabry-Perot cavity formed by two nano-structured optical coatings sputtered onto glass substrates. The photodetector signal spectrum produced by the light transmitted through the sensor filled with a weakly-absorbing medium (water) will contain the differential (beat) frequency (in the RF domain) caused by the heterodyne beating of the multiple spectrally-narrow optical transmission peaks of the FP structure.
A sample design of nano-structured cavity mirror coatings suitable for 473 nm sensor operation is shown in Fig. 3 , together with the comb-type spectral response of the proposed device to white-light illumination. In addition, the sensitivity of the sensor is also illustrated in Fig. 3 by means of showing the effect of a water absorption coefficient change from 0.0005 cm -1 (chemically pure water at 473 nm) to 0.0055 cm -1 (contaminated water) on the spectral intensity distribution of the light transmitted within the spectral comb peaks. As demonstrated by our modelling results, the effect of small absorption coefficient changes (on the scale comparable to the very low absorption of the chemically pure water) within the cavity medium is relatively small, however, it is easily measurable by the sensitive photodetector circuitry (the magnitude of the transmission change shown is several percent of the peak transmitted intensity). With Fourier-transform heterodyne processing, due to the small transmitted intensity changes occurring within a number of transmission peaks simultaneously, the absorption coefficient changes on the scale smaller than the absorption of pure water are expected to be measurable. The data reported in [4] shows that at 473 nm, the oceanic water absorption changes on the scale of ∆A= 0.001-0.004cm -1 were caused by only 0.14-1.3 ppb (mg/m 3 ) of planktonic chlorophyll present in the water. Fig. 3 . The mode of operation of the proposed sensors, a sample design of the cavity mirrors and the sensing element geometry, and the cavity transmission response to the uniform-intensity broadband illumination. Also shown is the spectral intensity distribution within a single narrow comb peak of structure transmission, and its variation in response to a small (∆A = 5x10 -3 cm -1 ) change in the water absorption coefficient at 473 nm, caused by the water contamination. The cavity mirrors are formed by two identical nano-structured periodic films of structure S(HL)6, where S = Corning 7059 glass substrate, H = Zinc oxide (ZnO), and L = Silicon dioxide (SiO 2 ); all layers have an optical thickness of a quarter of the design wavelength (473 nm). The thickness of high-index (H) individual layers is 56.9 nm, the thickness of low-index (L) layers is 80.7 nm, and the total structure thickness is only 0.826 µm. The water-filled cavity width is an easily-adjustable design parameter, and is set to 4 mm in the current design.
The overall signal processing scheme and also our roadmap for the future implementation of the proposed absorption sensor is illustrated in Fig. 4 , where a blue diode-pumped solid-state (DPSS) laser emitting at 473 nm within a spectral linewidth of about 0.2 nm is shown as a light source of choice for the experimental demonstration of the proposed concepts.
The experimental implementation of the proposed nano-structured cavity-enhanced absorption sensors is still in its initial stages, however, we have already established the technology for the manufacture of photonic crystal-type periodic multilayered nanostructures with precisely-controlled layer thicknesses, capable of delivering the designed spectral response features in the spectral regions of interest for the proposed application. The detailed results of sensor system development will be reported elsewhere. 
CONCLUSION
In this paper, we have proposed a new type of optical sensors suitable for the measurement of optical absorption coefficients in weakly-absorbing media, water quality testing, and for monitoring the water contamination levels in a variety of applications. The proposed sensing scheme uses Fourier transform cavity-enhanced absorption spectroscopy and novel compact sensing elements based on nano-structured photonic crystal-type optical coatings. The measurement scheme has been shown to be suitable for the determination of small changes in the water absorption coefficients at a discrete set of wavelengths in the visible spectral region in response to small concentrations of absorbing pollutants, with high sensitivity. The proposed sensors are particularly attractive for environmental monitoring and food processing, and are expected to provide real-time quantitative information on the chemical contamination levels in drinking water, as well as potentially the types of substances dissolved.
